Abstract: It has been hypothesized that the higher number of neurons in human cortex compared to the chimpanzee and other primate species is key to high cognitive function. Are human cortical precursors endowed with specific properties that drive greater neuronal expansion than in other non-human primates?
Introduction
Despite a wealth of recent influential studies addressing the specific features of the human gene regulatory network of corticogenesis (1) (2) (3) (4) (5) (6) (7) , the question of what makes us human is still unresolved. The human cerebral cortex has achieved a unique degree of complexity considered to underlie the emergence of unrivaled cognitive abilities compared to other species including non-human primates (8, 9) . One level of explanation is that the human brain contains a larger number of neurons (10) , particularly in supragranular layers where they form a dense core of cortico-cortical connections (11) . Quantitative studies of the number of neurons in brains of different weights (12) indicate species-specific scaling rules. For a given brain weight, compared to rodents, primate cortices accommodate more neurons suggesting qualitative differences in corticogenesis between the two clades. Major differences in cortical development between rodents and primates are observed in the organization and cell lineages of the germinal zones with the large expansion of the subventricular zone (SVZ) that is divided into an inner and most significantly outer SVZ in primates [OSVZ, (13) in macaque; (14, 15) in human]. Significant primate-rodent differences have also been observed in the cell identity of cortical progenitor types; primate corticogenesis is characterized by a more diverse repertoire of cortical progenitors with uniquely high proliferative potential and non-hierarchical lineage relationships (14) (15) (16) (17) (18) .
Numerous primate specificities in addition to the size of the OSVZ include a high percentage of basal radial glial cells (bRGs) (14, 15, 18) . The human cortex contains twice and ten as many neurons as in chimpanzee and macaque monkey respectively (19) . Nevertheless macaque and human follow a common scaling law which is distinct for that observed in rodents (20) . This strengthens the hypothesis that the differences in neuron production between human and other non-human primates could be merely quantitative, due to differences in the timing of the neurogenic period or in its duration for instance (21, 22 (24) (25) (26) (27) (28) , especially in humans where access to fresh and viable tissue is notoriously difficult (6, 15) . Recently, significant advances have been achieved due to the development of protocols allowing the generation of human neural rosettes (27) , and human cortical organoids (25, 26) . These models corresponding to 2 and 3D culture systems take advantage of the remarkable self-constructing properties of biological tissues. When grown in appropriate conditions, in a 3D environment or in the presence of the relevant factors, pluripotent stem cells capture certain features of corticogenesis, providing potentially useful models of in vitro human cortical development. The protocol established by Shi et al. on human pluripotent stem cells, allows the sequentially ordered generation of diverse cortical neuron types in cortical rosettes (27) . Otani and collaborators have exploited this protocol to produce cortical rosettes from macaque and chimpanzee stem cells, thereby allowing comparison of corticogenesis in vitro in these three primate species (23) .
In vitro differences between human, chimpanzee and macaque cortical development Building on the protocol developed in Shi et al. 2012 to produce cortical rosettes from human pluripotent stem cells, Otani et al. succeeded in generating cortical rosettes from chimpanzee and macaque pluripotent stem cells. Sixty days in culture allowed a recapitulation of the in vivo temporal sequence: an "infragranular" (IG) layer component expressing Tbr1 (layers VI and V), followed by a "supragranular" (SG) layer component expressing Satb2 (layers IV, III and II). The cortical rosettes neurons so produced migrate in an inside-out in vivo like fashion forming a 'cortical plate' that displays some laminated organization, reminiscent of corticogenesis in vivo [ Figure 2C in (23) ].
The culture system recapitulates to a certain extent the composition of the germinal zones of the different species with densely packed radial glial cells (RGC) expressing the transcription factor Pax6 (14, 15, 18) . The RGC display apical junctions at the apical side lining a lumen, reminiscent of and referred to as the in vitro ventricular zone (VZ). The authors report some Tbr2 expressing basal progenitors located on top of the in vitro VZ. They also describe a few abventricular Pax6 expressing cells some of which display the characteristic of basal radial glia with a basal process (bRG-basal-P, also referred to as bRG or oRG) (14, 15, 18) .
Using this in vitro corticogenesis system, Otani and colleagues report differences in cortical development between the three primate species. These differences appear to be related to changes in the timing of developmental events, a process referred to as heterochrony (29, 30) . Compared to human and chimpanzee, macaque cortical precursors are reported to terminate their expansion phase earlier and switch precociously from IG to SG neuron production ( Figure 1) . Interestingly, the maturation period of macaque neurons appears shorter than that observed in human and chimpanzee.
Species-specific differences in the timing of precursor pool dynamics in vitro?
A central aspect of the Otani and colleagues' study is a clonal analysis of cortical precursors labeled by lentiviral infection at different culture time points. This permits monitoring the dynamics of the precursor population, making it possible to analyze key parameters controlling neuron production rates (21) (cell cycle length, incidence of cell death, frequency of cell cycle exit, division pattern) over a 20-day period, from the 20th day of neural differentiation (D20) to D40.
Importantly the in vitro precursor dynamics of the three primate species differ markedly from mouse corticogenesis (33) . By contrast to the mouse corticogenesis, the in vitro cultures in all three primates showed expansion of the precursor pool after the onset of neurogenesis as observed in vivo (18, 34) (Figure 1 ). This mixed proliferative/ neurogenic phase is more prolonged in human compared to macaque cultures. The macaque precursor dynamics were found to differ from the human precursors' from D30 onwards. Macaque clones were significantly smaller during the peak of IG neuron generation. The lineage trees in human and macaque rosettes at this crucial time point showed macaque precursors undergoing less frequent symmetric proliferative divisions and more frequent terminal neurogenic divisions leading to an exhaustion of the macaque precursor pool. In human cortical rosettes, the precursor pool expands for a longer period than in the macaque cultures, despite the peak of IG neuron production. These results point to heterochrony in in vitro corticogenesis between the three different primate species.
The in vitro culture accurately models the early stages of corticogenesis An extensive and reliable database of the macaque cortical precursor proliferation dynamics has been provided by a series of in vivo and ex vivo studies (18, 31, (34) (35) (36) (37) (38) . Establishing the correspondence between the in vitro and the in vivo tempo of corticogenesis is a prerequisite to fully appraise the relevance of the in vitro findings. The above described results of the precursor pool dynamics from Otani et al. have been obtained from observations over a 20-day period, from D20 to D40 in macaque and human cultures. D40 in macaque cultures corresponds to the end of layer V, beginning of layer IV production [circa E65 in the macaque visual cortex (31, 32, 36) ] and to the peak of layer VI production in human [circa E65 in the human visual cortex (32)] (Figure 1) . The 20-day culture period (13) and (14) for macaque and human respectively). The timing of generation of infra and supragranular neurons is indicated for each species and aligned to the timing observed in vitro by Otani et al., 2016 . Macaque neurogenesis lasts around 60 days spanning from E45 to E112 (31, 32) . In macaque culture, if we extrapolate from the in vivo situation, neurogenesis is predicted to span from the 20th day of neural differentiation (D20) to D80. Human neurogenesis takes 120 days from gestational week 7 (GW7) to GW27. In culture it starts at D20 and is predicted to continue until D160 if the in vivo timings were conserved in vitro. The macaque culture spans the majority of the neurogenic period whereas, human culture recapitulates only the first half of corticogenesis. The different phases of expansion/ differentiation of the cortical precursors are indicated for each species. The time window where the precursor dynamics have been studied is indicated by the shaded area. Arrows highlight the stages where the OSVZ proliferative pool changes its dynamics. In the E65 macaque, the BP pool is mainly neurogenic (red arrow) whereas at E78 it reenters an expansion phase (purple arrow) enabling the expansion of the corresponds therefore to the end IG layer generation in macaque and the peak of IG neuron production in human. The macaque in vitro culture system recapitulates accurately the behavior of native macaque cortical precursors at the early developmental stages, as evidenced by the changes reported in macaque precursor behavior (D35)-corresponding to circa E65 in the in vivo macaque (end of layer V production). At E65 ex vivo live-imaging of cortical precursors showed that there is a majority of neurogenic and only few symmetric proliferative divisions (30%) both in the VZ and the OSVZ (18), a behavior also found in macaque cortical rosettes.
Limitations of the model command caution in interpretation -the need to consider interspecies heterochrony
The clonal analysis performed between D20 and D50 (D40+10 days survival) revealed differences in precursor pool dynamics between macaque and human, showing a switch from a mixed expansion/neurogenic to a mainly neurogenic/exhaustion phase in the macaque, whereas human precursors remain in the mixed expansion/neurogenic phase (23) . These findings suggest that the in vitro system faithfully captures in vivo heterochrony: the earlier peak of IG neuron production in the macaque. As expected for cortical precursors in expansion vs. neurogenic phases (18), Otani et al. found that the proliferative abilities of macaque and human precursors at D30 are different. However, this does not necessarily reflect "interspecies difference in clonal expansion" as stated page 472 (23) . Testing such interspecies difference in clonal expansion would require analysis clones at equivalent developmental stages; the macaque in vitro D40 equivalent stage in human would be circa D60 (Figure 1)-a stage which has not yet been explored by Otani et al.
Do in vitro systems reproduce the complex dynamics of primate OSVZ precursors?
Cortical organotypic slice culture and live-imaging has provided important insights into the primate-specific features of the precursor pool dynamics (18) . This work revealed that the IG precursor pool was characterized by a longer cell-cycle duration and a high frequency of neurogenic divisions, both of which result in a limited expansion (39) . By contrast, the later SG OSVZ precursor pool showed shorter cell-cycle duration as well as extensive proliferative abilities which, combined with less frequent neurogenic divisions results in a rapid expansion of the OSVZ (18) (Figure 1) .
The ex vivo results from Betizeau et al. are in agreement with in vivo observations. The early and exhaustive in vivo birth-dating studies of macaque corticogenesis by the group of Pasko Rakic have shown that the tempo of cell-cycle regulation in the primate largely departs from that of the mouse (34) , which has been confirmed by recent work in the ferret (40) . After a period of expansion characterized by a short cell cycle length (Tc) of VZ precursors [~E40 macaque (18, 34) ], cortical precursors shift towards a mainly neurogenic period at the time of IG neuron generation characterized by a longer Tc both in the VZ and the OSVZ (~E60). The upsurge of proliferation observed at the beginning of SG neuron production in the macaque monkey (~E80) is correlated with a shorter Tc of VZ and OSVZ precursors (18, 34) (Figure 1) . A similar shortening of Tc during the SG neuron production has also been observed in the ferret (40) .
Is this upsurge of proliferation during the generation of SG neurons reproduced in cultures? Given that the timing of developmental events is delayed in human corticogenesis, such a change in precursor behavior is predicted to occur at GW12 in vivo (Figure 1) (32) , corresponding to around D60 in vitro, a stage that has not been explored by Otani et al. Further work is therefore required to explore the dynamics of cortical precursors during the generation of SG neurons in vitro.
3D does not suffice to recreate the OSVZ niche
The OSVZ has been shown to be a key player in cortical complexification and in the radial expansion of the primate cerebral cortex (14, 15, 17, 18, 37) . The OSVZ is a niche fostering stemness, thereby allowing expansion of the precursor pool (6, 41) . Despite evidence of delamination in a fraction of cortical rosette precursors, there is a failure to form an OSVZ proper with its dense architecture, increased thickness and expanded basal progenitor pool. Moreover, there is no mention of the morphological diversity of basal progenitors that is characteristic of the primate OSVZ. In theory, for this in vitro culture model to constitute an appropriate tool to explore primate corticogenesis, it would have to recapitulate the full repertoire of cortical progenitors observed in macaque monkey and human organotypic slice cultures (16, 18, 42, 43) . An in vitro model which faithfully recapitulates the later stages of corticogenesis with a prominent OSVZ (Figure 1) would provide the unique opportunity to probe emergence of precursor diversity and its variation in the primate lineage. It would also allow an in-depth analysis of the intriguing non-hierarchical lineages, which include bi-directional transitions-that characterize OSVZ precursors (18, 43) and which are not observed in non-primates (44) (45) (46) . The recent culture system described by Qian and colleagues (47) , where an OSVZ like structure is seen to emerge and precursors express bRG specific markers (6), might offer this exciting possibility.
Towards better in vitro modeling of primate late corticogenesis
The timing correspondence between in vivo and in vitro development established above showed that the time points examined in the in vitro model only span through the early stages of corticogenesis ( Figure 1) . Together with the in vivo heterochrony between human and macaque corticogenesis, this limitation underlies the need to probe a wider range of in vitro time points, in order to address physiologically relevant issues.
Primate brains are characterized by an expansion of the cortex but this expansion did not occur isotropically. The SG layer compartment has been specifically enlarged containing 66% and 60% of the cortical neurons in human and macaque respectively compared to 49% in the mouse (48) . This primate specific feature has to be reproduced in culture systems in order to model potential defects relative to SG neurons (49) . In the study by Otani et al, at the latest culture stage (D70) macaque rosettes are composed of maximum 50% of SGN, and human rosettes of only around 25%. This points to the current limitations of the culture system especially in the human case. Technical issues prevent cultures to achieve the late developmental stages. This could be related to perfusion problems of the structure which becomes too large and compromise survival and normal development. The explanation could be linked to the very limited basal progenitor pool and the quasi absence of OSVZ, responsible for the generation of the majority of SG neurons (37) .
Further developing the cultures would require either improving the survival of larger structures by a better vascularization or finding a way of speeding up corticogenesis (28) . The new culture system developed by Qian and colleagues goes further in this direction and seem to overcome these hurdles allowing the development of a more significant OSVZ and the generation of laterborn neurons (47) . Future in vitro studies in this direction will undoubtedly give us more insights into these primate specific features of corticogenesis.
Heterochrony is cell autonomous
Lastly, the authors performed elegant experiments to determine whether the observed differences between human and macaque precursors are cell autonomous or dictated by their environment (23) . Would macaque or human precursors behave differently placed in a different environment? To address this issue, macaque precursors of D35 were "grafted" into human rosettes of the same culture time and vice versa. Surprisingly, macaque and human precursors continue behaving as in their native environment. Human precursors continued to expand, producing mainly IG layer neurons in an environment where macaque precursors already switched to more neurogenic divisions and to the production of SG layers. Moreover, macaque precursors did not switch back to an expansion phase but instead continued producing SG layer neurons when co-cultured in human cortical rosette. The dynamics of cortical precursors in human and macaque thus seems controlled cell-autonomously, suggesting that the heterochrony of developmental event is controlled at the genetic level. This human specific control could be due to genetic mutation in the human lineage (7) as illustrated by the gene Arhgap11b arisen from a duplication specific to the human lineage and involved in cortical expansion (3). This cell-autonomous control of precursor dynamics could also be due to specific regulation of gene expression [lnRNA (50, 51) ; miRNA (52) ; different timings of gene expression (1, 6, 53) ].
Conclusions
It is commonly stated that all models are wrong but some are useful (54) . The model proposed by Otani et al. shows just how profitable is the in-depth comparative analysis of primate precursor pool dynamics in cortical organoids. Differences mainly point to the need to better understand heterochrony of developmental events, especially the prolonged mixed phase of expansion and IG generation in human, which could eventually contribute to the larger number of neurons produced in humans. Extending the in vitro models to late corticogenesis is expected to bring additional insight into what makes us human. operated by the French National Research Agency, ANR-10-IBHU-0003 (IHU CESAME), ANR-14-CE13-0036 (Primacor) and the Fondation pour la Recherche Médicale (ING20130526653). M Betizeau is funded by SystemsX.ch (Transition Postdoc fellowship).
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